3
The TaGS1;1 transcript was the highest among all TaGS1 genes (Fig. 3A ), 2 9 8 suggesting that TaGS1;1 was the dominant TaGS1 isoform in the shoot and root. And 2 9 9 TaGS1;1 transcript was higher under 0 -0.2 mM N supply than under 2 -20 mM N 3 0 0 supply (Fig. 3A) . The TaGS1;2 transcript in the shoot was much lower than that in root, and was 3 0 2 not affected by N treatments (Fig. 3B ). In the root, TaGS1;2 transcript was the highest 3 0 3 under 0.2 mM NH 4 + supply, and decreased with increasing NH 4 + supply (Fig. 3B ). 3 0 4 However, the TaGS1;2 transcript in root did not significantly change with increasing 3 0 5 NO 3 supply, and was significantly lower than under NH 4 + supply (Fig. 3B ). 3 0 6
The TaGS1;3 transcript increased with increasing N supply in the shoot, but was 3 0 7 very lower than that in the root (Fig. 3C ). In roots, with increasing NO 3 supply, the 3 0 8 TaGS1;3 transcript increased, but it was significantly lower than under NH 4 + supply 3 0 9 ( Fig. 3C ). And the TaGS1;3 transcript in root was higher under 2 -20mM NH 4 + than 3 1 0 under 0.2 mM NH 4 + supply (Fig. 3C ), indicating that high NH 4 + concentration can 3 1 1 induce the expression of TaGS1;3 in roots. 3 1 2
The TaGS2 transcript was much higher in the shoot than that in the root ( Fig.  3  1  3 3D). In the shoot, TaGS2 transcript was higher under 2 -20 mM N supply than under 3 1 4 0 -0.2 mM (Fig. 3D) . When under 2 -20 mM N supply, the TaGS2 transcript was 3 1 5 significantly higher under NO 3 than under NH 4 + supply. Interestingly, when under 2 -3 1 6 20 mM NO 3 supply, TaGS2 transcript in the root was significantly higher than 3 1 7 without N or under NH 4 + supply (Fig. 3D ). 3 1 8
The expression pattern of individual TaGS subunit 3 1 9
Western blots analysis using polyclonal antibodies raised against GS of wheat, 3 2 0 showed that GS2 was the predominant isoform in the shoot and GS1 was the 3 2 1 predominant isoform in the root (Fig. 3E, F) . In the shoot, TaGS2 subunit level 3 2 2 increased with increasing N supply (Fig. 3E ). In the root, TaGS1 subunit decreased 1 root only when NO 3 concentration was greater than 0.2 mM, indicating that TaGS2 in 3 2 5 the root was specifically induced by high concentration NO 3 - (Fig. 3F ). 3 2 6
In the shoot, TaGS1;1 subunit abundance decreased with increasing N supply, 3 2 7 becoming difficult to detect when NH 4 + concentration was greater than 2 mM ( Fig.  3  2  8 3E). In the roots, TaGS1;1 subunit decreased with increasing NH 4 + supply but it did 3 2 9 not significantly change with increasing NO 3 supply (Fig. 3F) . Less TaGS1;2 subunit 3 3 0 was detected in the shoot while much TaGS1;2 were detected in the root. Furthermore, 3 3 1 TaGS1;2 subunit increased with increasing NO 3 supply in the root, but it first 3 3 2 increased and then decreased with increasing NH 4 + supply (Fig. 3E, F) . The TaGS1;3 3 3 3 subunit was very low in the shoot and root, and it was higher under NH 4 + than under 3 3 4 NO 3 supply ( Fig. 3E, F) . 3 3 5 3 3 6 In previous studies, the cytosolic GS1 holoenzyme was ~490 kDa, and the 3 3 7 chloroplastic GS2 holoenzyme was ~240 kDa (Wang et al., 2015) . Therefore, the 3 3 8 isoforms showed different mobilities in gels (GS2 > GS1). In the shoot, the activity of 3 3 9 both GS1 and GS2 isozymes could be detected, but only GS1 isozymes activity could 3 4 0 be detected in the root (Fig. 3G ). GS1 activity in the shoot was significantly higher 3 4 1 under NO 3 than under NH 4 + supply. However, GS1 activity in the root was 3 4 2 significantly lower under NO 3 than under NH 4 + supply (Fig. 3G) . Moreover, the GS1 3 4 3 activity in the root reached its peak at 10 mM NH 4 + (Fig. 3G ). 3 4 4
Effects of nitrogen nutrition on GS isozymes activity and total GS activity
The total GS activity in the shoot was significantly higher than that in the root, 3 4 5 and the total GS activity in the root was significantly higher under NH 4 + than under 3 4 6 NO 3 supply, and increased significantly by high concentration NH 4 + (Fig. 3H ). Effects of nitrogen nutrition on C/N metabolite status 3 4 8 Without N supply, the shoot growth was significantly inhibited, while the root 3 4 9
growth was significantly promoted (Table S4 ). The free NH 4 + , producing by its own 3 5 0 1 5 metabolic process, was significantly higher in the root than in the shoot (Fig. 4A ). 3 5 1 Soluble sugar, the main product of photosynthesis, also accumulated in the roots (Fig.  3  5  2 4B). In the root and shoot, the free amino acid ( Fig. 4C ), soluble protein ( Fig. 4D ), 3 5 3 and total nitrogen content (Table S4) were lower than those under nitrogen sufficiency, 3 5 4 showing that nitrogen assimilation was inhibited under nitrogen deficiency. Under 0.2 mM NO 3 supply, NO 3 was preferentially accumulated in the shoot 3 5 6 ( Fig. S2 ). With increasing NO 3 concentration, the content of NO 3 in the shoot and 3 5 7 root and the content of free NH 4 + in the root gradually increased ( Fig. S2 and Fig. 4A ), 3 5 8 but the content of the organic nitrogen (free amino acid, and soluble protein) did not 3 5 9
show an increasing trend ( Fig. 4C , D), which indicated that nitrogen was mainly 3 6 0 stored as inorganic nitrogen with increasing NO 3 supply. Under NH 4 + supply, the content of free NH 4 + in the root was significantly higher 3 6 2 than in the shoot and increased with increasing NH 4 + supply (Fig. 4A ), but the content 3 6 3 of organic nitrogen (free amino acid, and soluble protein) in the shoot was 3 6 4 significantly higher than in the root and increased with increasing NH 4 + supply (Fig.  3  6  5 4C, D), suggesting that NH 4 + was mainly stored in the root while organic nitrogen 3 6 6 was mainly stored in the shoot with increasing NH 4 + supply. Under 2 -20 mM N supply, the content of soluble sugar in the root was higher 3 6 8 than that in the shoot under NH 4 + supply, but it was lower than in the shoot under 3 6 9 NO 3 supply ( Fig. 4D higher than under NO 3 supply ( Fig. 4D ). These results indicate that the N 3 7 5 assimilation was enhanced in NH 4 + -fed wheat. The components of free amino acid extracted from the shoot and root tissues 3 7 1 6
were separated with thin layer chromatography (TLC) and stained with ninhydrin, and 3 7 8 the main components were Gln, asparagine (Asn), Glu, and aspartate (Asp) ( Fig. 4E were the main isoforms and localized in the leaf mesophyll cells and TaGS1;1 was 3 8 7 also localized in the surrounding vessels of xylem in the vein of leaf ( Fig. 5A ). 3 8 8
TaGS1;2 was mainly localized in the surrounding vessels of xylem while no obvious 3 8 9
TaGS1;3 was detected in the leaf (Fig. 5A ). Only TaGS1;1 was detected in the 3 9 0 vascular bundles in the maturation zone of roots ( Fig. 6B ), but abundant TaGS1;1 and 3 9 1 TaGS1;3 were found in the meristematic zone of roots ( Fig. 5C ). was very similar to that without N supply, but there were more TaGS2 and less 3 9 4
TaGS1;1 in the mesophyll cells and no TaGS1;1 was detected in the surrounding 3 9 5 vessels of xylem ( Fig. 5D ). In the maturation zone of roots, TaGS1;1 and TaGS2 were 3 9 6 localized in the pericycle cell, and TaGS1;2 and TaGS1;3 were localized in the 3 9 7 surrounding vessels of xylem ( Fig. 5E ). Moreover, abundant TaGS1;1, TaGS1;3, and 3 9 8
TaGS2 were detected in the meristematic zone of roots ( Fig. 5F ). Under 5 mM NH 4 + supply, the tissue localization of TaGS1;1, TaGS1;3, and 4 0 0
TaGS2 in the leaves was the same with 5 mM NO 3 supply. TaGS1;2 was localized in 4 0 1 the surrounding vessels of xylem and phloem companion cells in the leaves (Fig. 5G ). 4 0 2
In the maturation zone of roots, TaGS1;1 and TaGS1;3 were localized in the pericycle 4 0 3 cells, and TaGS1;2 and TaGS2 were not detected ( Fig. 5H ). In the corresponding site 4 0 4 of root tips in other treatments, the supposed root tip meristem under NH 4 + treatment 4 0 5 was full of vascular tissue ( Fig. 5I ). There were abundant TaGS1;2, TaGS1;3, and 4 0 6
TaGS1;1 in the endodermis, but no TaGS2 was detected ( Fig. 5I ). Moreover, TaGS1;2 4 0 7 was detected in the surrounding vessels of xylem in the vascular bundle ( Fig. 5I ). This study was conducted to improve our understanding of the function of 4 1 0 glutamine synthetases, which are critical in nitrogen metabolism in wheat, to be able 4 1 1 to provide directions of improving nitrogen use efficiency in plants. NO 3 -, as an 4 1 2 important source of nitrogen absorbed by wheat roots, was reduced into NH 4 + in 4 1 3 leaves, and then was assimilated by GS2 in the chloroplast (Goodall et al., 2013; 4 1 4 Lothier et al., 2011; Sivasankar and Oaks, 1996) . Previous studies showed that the 4 1 5 GS2 transcripts were in roots (Bernard et al., 2008; Goodall et al., 2013; Wei et al., 4 1 6 2018), but it was first time for us to discover that TaGS2 peptide and transcripts in 4 1 7 wheat roots were induced by NO 3 - ( It is important to study the enzymatic kinetics of TaGS isozymes to illustrate 4 2 2 their biological function. Our study showed that recombinant TaGS1 isozymes had 4 2 3 significantly different enzymatic kinetics. TaGS1;1 is one major isoform in wheat 4 2 4 seedling ( Fig. 3A , E, F), it showed high substrate affinity for Glu and hydroxylamine 4 2 5 but its maximum reaction rate was lowest (Table 1 ). Previous studies showed that 4 2 6
TaGS1;1 transcripts are present in the perifascicular sheath cells (Bernard et al., 2008) , 4 2 7 but we found that TaGS1;1 peptide was mainly localized in the leaf mesophyll cells 4 2 8 ( Fig. 5A , D, G). In the mesophyll cells, ammonium released in mitochondria during 4 2 9 photorespiration is reassimilated in the chloroplast by GS2 (Wallsgrove et al., 1987) . Oliveira et al. (2002) found that overexpression of cytosolic GS1 in leaf mesophyll 1 8 cells seems to provide an alternate route to chloroplastic GS2 for the assimilation of 4 3 2 photorespiratory ammonium. therefore, we speculate that TaGS1;1 in mesophyll cells 4 3 3 may participate in the reassimilation of ammonium released during photorespiration. 4 3 4
In addition, TaGS1;1 was also localized in the pericycle and the meristematic zone of 4 3 5 roots ( Fig. 5 ), suggesting that TaGS1;1 was involved in assimilating inorganic 4 3 6 nitrogen in roots and assimilating NH 4 + from the root tip metabolism process. The 4 3 7 very wide tissue distribution and high expression of TaGS1;1 indicated that it was the 4 3 8 primary TaGS1 isozyme for N assimilation. A recent study showed that AtGln1;3, located in the pericycle of root in the 4 4 0 Arabidopsis, is involved in xylem loading of Gln (Konishi et al., 2017) . But how it 4 4 1 participates in the process is unclear. In the reaction mixture with 60 mM Gln, the 4 4 2 activity of TaGS1;2 was increased to about 6 times of that without the Gln (Fig. 2C ). 4 4 3
As GS catalytic product, Gln has no feedback inhibition effect on TaGS1;2, but 4 4 4 significantly enhanced the catalytic activity of TaGS1;2. Furthermore, TaGS1;2 has a 4 4 5 high affinity for Glu (Table 1) , which may indicate that TaGS1;2 catalyzes rapidly the 4 4 6 synthesis of Gln, leading to the accumulation of Gln. TaGS1;2 was mainly localized 4 4 7 around the vascular tissues ( Fig. 5G , I), suggesting that TaGS1;2 can promote the 4 4 8 accumulation of Gln around vascular tissues. Gln is the main translocation form of 4 4 9 plant organic nitrogen (Setién et al., 2013) . In wheat, Gln concentration in leaf 4 5 0 phloem sap was dozens of times higher than in leaf tissue, where it was preferentially 4 5 1 loaded into the vascular tissue for translocation (Duan et al., 2000) . Peeters and Van 4 5 2 Laere (1994) pointed out that Gln has an amazing reverse concentration loading 4 5 3 efficiency to vascular tissue. Therefore, it can be considered that TaGS1;2, which is 4 5 4 mainly distributed around the vascular tissues, can rapidly accumulate Gln around the 4 5 5 vascular tissues, thus promoting the reverse concentration loading of Gln to the 4 5 6 vascular tissues. TaGS1;1 activity also increased with increasing Gln concentration, 4 5 7 but far less than that of TaGS1;2 ( Fig. 2C ). Only when no N was supplied, TaGS1;1 4 5 8 was found surrounding vessels of xylem ( Fig. 5A ). These results indicate that 1 9
TaGS1;1 is also involved in loading Gln to the vascular tissues, but less importance 4 6 0 than TaGS1;2. TaGS1;2 activity was inhibited by higher Glu concentration ( Fig. 2A The affinity of TaGS1;3 to Glu and hydroxylamine was lower than that of 4 6 4
TaGS1;1, but it had the highest V max (Table 1), indicating that TaGS1;3 has strong 4 6 5 NH 4 + assimilation ability. The activity of TaGS1;3 was not affected by Gln (Fig. 3C ), 4 6 6 suggesting that TaGS1;3 did not participate in the reverse concentration loading H), indicating that TaGS1;3 mainly performs rapid NH 4 + assimilation at high external 4 7 0 NH 4 + concentration, which can prevent the toxicity of high NH 4 + concentration from 4 7 1 cells. The root grows rapidly (Table S4) Wheat grows in soils with constantly changing available N forms and 4 7 6 concentrations. Therefore, it is difficult for a single TaGS to complete all nitrogen 4 7 7 assimilation tasks. Without external nitrogen, the roots no longer absorb inorganic 4 7 8 nitrogen, resulting in soluble sugars, carbon skeletons for nitrogen assimilation, 4 7 9 accumulation in the roots (Fig. 4B ). At the same time, the shoot growth was inhibited 4 8 0 due to the lack of nitrogen (Table S4) , resulting in the accumulation of photosynthetic 4 8 1 products (soluble sugars) in the leaves (Fig. 4B ). N stress can cause leaf senescence, 4 8 2 promoting proteolysis and N remobilization (Caputo et al., 2009 ), but roots 4 8 3 (meristematic zone) growth was promoted significantly (Table S4) and Fig. 6A ). The xylem vessels and phloem sieve tube can exchange substances 4 9 0 (Han et al., 1986) , so Gln loaded into the vessels can also enter the phloem sieve tube. 4 9 1
TaGS1;1 was mainly distributed in vascular bundles ( Fig. 5A ) to translocate of Gln in 4 9 2 the roots. TaGS1;1 and TaGS1;3 were distributed in the meristematic zone of roots 4 9 3 ( Fig. 5C ), and they jointly participated in the assimilation of ammonia produced 4 9 4 during the growth and metabolism of cells ( Fig. 6A ). 4 9 5
When NO 3 was supplied, it will be firstly translocated to the shoot through the 4 9 6 xylem and reduced to NH 4 + in the chloroplast of leaves, and then be assimilated into 4 9 7
Gln by TaGS2. Some Gln remains in the leaves for leaf growth, some can be loaded 4 9 8 into xylem by TaGS1;2 and translocated to other parts through phloem ( Fig. 6B ). 4 9 9
However, the more NO 3 was supplied, the more TaGS2 was induced in the leaves and 5 0 0 roots ( Fig. 3D , E, F), and the more NH 4 + was located in the roots (Fig. 4A ), indicating 5 0 1 that NO 3 reduction and assimilation occurred both in the leaves and roots. TaGS1;1, 5 0 2 TaGS1;3, and TaGS2 were found in the pericycle of maturation zone of roots, whereas 5 0 3
TaGS1;2 was mainly distributed around the xylem vessels ( Fig. 5E ), indicating that 5 0 4
Gln was synthesized by TaGS1;1, TaGS1;3, and TaGS2 together, and then and the content of Gln and Asn (i.e., the organic N translocation forms) were 5 1 0 significantly lower than under NH 4 + supply (Fig. 4E, G 2007; Cruz et al., 2006; Hollstein et al., 2010) . In our study, with the increase of NH 4 + 5 2 0 supply, NH 4 + was accumulated in the root (Fig. 4A ) and the root growth was inhibited 5 2 1 (Table S4) , which allowed the carbon skeleton from the shoot to be used for NH 4 + 5 2 2 assimilation. The meristematic zone of roots stopped cell division and differentiated 5 2 3 into vascular tissue (Fig. 5I ), which helped assimilate products translocation to the 5 2 4 shoot in time. During this process, a large amount of TaGS1;1, TaGS1;2, and TaGS1;3 5 2 5 distributed in the root tips consumed the carbon skeleton translocated from the shoot 5 2 6
for nitrogen assimilation (Fig. 6C ), resulting in a decrease in soluble sugar content in 5 2 7 the root (Fig. 4B) . A large amount of TaGS1;2 was distributed in the vascular tissue of 5 2 8 root tips (Fig. 5I) , which helped to load Gln to the vascular tissue ( Fig. 6C ). 5 2 9
Asparagine is another main compound for N storage and translocation due to its high 5 3 0 N/C ratio and stability (Ikeda et al., 2004) . It is synthesized by asparagine synthase When the external NH 4 + exceeds the maximum amount stored and assimilated by 5 3 5 the roots, NH 4 + may be translocated to the shoot through the xylem and assimilated in 5 3 6 the leaf. In leaves, TaGS1;1 and TaGS1;3 were distributed in the mesophyll cells ( 5G), and they may jointly participate in the assimilation of NH 4 + (Fig. 6 ). Part of Gln 5 3 8
can then be loaded into the vascular tissue by TaGS1;2, distributed in the surrounding 5 3 9 vessels of xylem and phloem companion cells (Fig. 5G) , and translocated to the tissue 5 4 0 short of nitrogen ( Fig. 6C) . 5 4 1
Based on the above, we can conclude that TaGS1;1 is the primary TaGS1 5 4 2 isozyme for N assimilation, TaGS1;2 mainly participates in the reverse concentration 5 4 3 2 2 loading of Gln into vascular tissues, TaGS1;3 participates in NH 4 + assimilation of root 5 4 4 tip and detoxification of NH 4 + , and they are synergistically perform nitrogen 5 4 5 assimilation and translocation ( Fig. 6 ). Many studies have suggested that GS1 is 5 4 6 closely related to crop nitrogen use efficiency (Funayama et al., 2013; Guan et al., 5 4 7 2015; Martin et al., 2006; Sakurai et al., 1996; Tabuchi et al., 2005; Zhang et al., 5 4 8 2017). However, the outcome of one GS1 overexpression has generally been 5 4 9
inconsistent (Thomsen et al., 2014) . Considering the synergies of the three TaGS1 5 5 0 isozymes, they should be considered simultaneously to achieve the aim of improving 5 5 1 wheat NUE. Table S1 The antigenicity, hydrophilic, and surface accessibility of the TaGS isoform 5 5 7 specific peptides sequence. 5 5 8 Table S2 Composition of nutrient solution treated with different nitrogen sources. 5 5 9 Table S3 List of primers used for qPCR. 5 6 0 Data are means of three independent biological replicates ± SD. The different letters above each sample indicate statistically significant differences where P < 0.05 according to one-way ANOVA Duncan post-hoc test. 
Figure legends

